During aging, the process of mitophagy, a system that allows the removal of dysfunctional mitochondria through lysosomal degradation, starts to malfunction. Because of this defect, damaged mitochondria are not removed correctly, and their decomposing components accumulate inside the cells. Dysfunctional mitochondria that are not removed by mitophagy produce high amounts of reactive oxygen species (ROS) and, thus, cause oxidative stress. Oxidative stress, in turn, is very harmful for the cells, neuronal cells, in particular. Consequently, the process of mitophagy plays a crucial role in mitochondriarelated disease. Mitochondrial dysfunctions and oxidative stress are well-established factors contributing to Parkinson's disease (PD), one of the most common neurodegenerative disorders. In this review, we report various known antioxidants for PD treatments and describe the stimulation of mitophagy process as a novel and exciting method for reducing oxidative stress in PD patients. We describe the different mechanisms responsible for mitochondria removal through the mitophagy process. In addition, we review the functional connection between mitophagy induction and reduction of oxidative stress in several in vitro models of PD and also agents (drugs and natural compounds) already known to be antioxidants and to be able to activate mitophagy. Finally, we propose that there is an urgent need to test the use of mitophagy-inducing antioxidants in order to fight PD.
Parkinson's disease and mitochondrial oxidative stress
Parkinson's disease (PD) is a severe and widespread neurodegenerative disorder characterized by a progressive reduction of neurons in the substantia nigra pars compacta leading to dopamine deficiency and α-synuclein aggregate formation. This pathology is associated with motor and nonmotor symptoms, including bradykinesia, rigidity, dystonia, anxiety, dementia, and sexual dysfunction. The disease stems from the impairment of several molecular pathways, including α-synuclein proteostasis, mitochondrial function, oxidative stress, calcium homeostasis, axonal transport, and neuroinflammation (Poewe et al., 2017) .
Although the etiology of PD is still elusive, mitochondrial dysfunctions and related oxidative stress are crucial contributing factors (Figure 1) . Several findings suggest that mitochondria are the primary source of reactive oxygen species (ROS) that are possibly contributing to intracellular oxidative stress (Starkov, 2008; Murphy, 2009 ). Various groups observed a reduction in mitochondrial complex I protein level or activity in the nigral neurons of PD patients (Schapira et al., 1990; Bose and Beal 2016) . Inclusions of α-synuclein protein aggregates in the mitochondria induce an impairment in the mitochondrial complex I activity leading to oxidative stress (Devi et al., 2008) . Moreover, it was demonstrated that the downregulation in dopaminergic neurons of the mitochondrial transcription factor A (TFAM), essential for mitochondrial DNA expression, leads to a defect in the electron transport chain, thus, promoting neuronal degeneration in adulthood (Ekstrand et al., 2007) . In addition, some mitochondria-related genes, i.e. phosphatase and tensin homolog-induced kinase 1 (PINK1), parkin RING-in-between-RING E3 ubiquitin protein ligase (PARK2/PRKN), Parkinsonism-associated deglycase (DJ-1/ PARK7), and F-box protein 7 (Fbxo7), prove to be mutated in the familial form of PD. These variations compromise mitochondria functioning and contribute to oxidative stress production. Furthermore, PD patients show high levels (40-60%) of mtDNA deletions, associated with a cytochrome c oxidase deficiency in the substantia nigra (Bender et al., 2006; Kraytsberg et al., 2006) . Isobe and colleagues showed that the levels of oxidized coenzyme Q-10 (CoQ10) in PD patients' cerebrospinal fluid were significantly increased (Isobe et al., 2010) . Other pathologies, such as Alzheimer's disease (AD), multiple sclerosis (MS), or amyotrophic lateral sclerosis (ALS) are related to damaged mitochondria and oxidative stress production (Dutta et al., 2006; Sau et al., 2007; Campbell et al., 2011; Swerdlow et al., 2014) . To date, pharmacological substitution of striatal dopamine, and more recently, therapies for cellular transport of α-synuclein remain the principal treatment for PD.
Given the link between mitochondrial dysfunctions and ROS production in PD, clinical approaches that counteract the oxidative stress may be beneficial for patients. We review below some of the main promising antioxidants for improving PD patient health. In addition, we propose, as a novel and more effective strategy for combating PD, the adoption of a combined approach through the activation of both endogenous or exogenous antioxidants and the clearance system that eliminates ROS-produced damaged mitochondria (known as mitophagy).
Antioxidants: preclinical and clinical studies in PD
As nigrostriatal dopaminergic neuron degeneration in PD patients is related to oxidative stress and mitochondrial A defect in the complex I or complex III of mitochondrial respiratory chain promotes the accumulation of reactive radicals, leading to oxidative stress. dysfunctions, general antioxidants or mitochondrialtargeted antioxidants (MTAs) may be a fruitful therapy for counteracting PD. Unlike the ubiquitous antioxidant, a common feature of MTAs is the presence of a positive charge in the lipophilic cation, known as triphenylphosphonium (TPP), necessary for crossing the mitochondrial membranes (Murphy and Smith, 2007) . In this section, we list the most promising MTAs and general antioxidants in treating PD, their structures being reported in Figures 2 and 3.
MTAs

MitoQ
Mitoquinone (MitoQ) constitutes a 10-carbon aliphatic carbon chain necessary for TPP covalent binding to the endogenous antioxidant CoQ10 (Figure 2A ). MitoQ is able to scavenge peroxyl, peroxynitrite, and superoxide and, after completing its function, is reduced to the active form ubiquinol by the complex II of the respiratory chain (Smith and Murphy, 2011) . As in vitro and in vivo studies demonstrated the beneficial effects of MitoQ, it underwent phase I and then phase II clinical trials (Gane et al., 2010; Snow et al., 2010) . Despite its promising role, no neuroprotective benefits were detected in PD patients after MitoQ oral intake (Snow et al., 2010) . Further studies are, thus, necessary to better analyze the therapeutic effect of MitoQ in PD patients.
MitoVitE
MitoVitE is the first MTA to be discovered and consists of TPP linked to the α-tocopherol of vitamin E through a two-carbon chain ( Figure 2B ). Despite its fast intake in the mitochondria of cell culture or mice tissue subjected to oxidative damage, the use of MitoVitE in patients is still being debated. In fact, although MitoVitE has a protective effect in both cellular and animal models (Jauslin et al., 2003; Zhang et al., 2012) , no beneficial effects were observed in vivo in striatal neurons. Moreover, high doses of MitoVitE are neurotoxic (Convey et al., 2006) .
SkQ1
SkQ1 constitutes the TPP attached to plastoquinone ( Figure 2C ). This structure allows the incorporation of SkQ1 into the inner mitochondrial membrane (IMM) where it protects from ROS-induced oxidation (Skulachev et al., 2011) . It was observed that SkQ1 treatment reduces degeneration of dopaminergic neurons of the substantia nigra and ventral tegmental area (VTA) in PD mouse models (Pavshintsev et al., 2017) .
General antioxidants
Metalloporphyrins
Synthetic catalytic antioxidants known as AEOL 11114, AEOL 11203, and AEOL 11216 metalloporphyrins show promising effects for PD treatment due to their ability to penetrate the blood brain barrier together with their oral bioavailability and longer plasma elimination half-lives (Liang et al., 2017) ( Figure 3A -C).
Apocynin and diapocynin
Apocynin (4-hydroxy-3-methoxyacetophenone) and its derivate diapocynin are plant antioxidants that function as NADPH oxidase inhibitors. Their protective role in PD model systems was evaluated in vivo (Vejrazka et al., 2005; Luchtefeld et al., 2008) (Figure 3D , E).
Urate
Acid uric or urate is a scavenger of superoxide, hydroxyl radical, single oxygen, and also an iron chelator (Cohen et al., 1984) ( Figure 3F ). Although over the year it was shown to improve the condition of PD patients, the treatment is limited as urate in high levels causes gout (Choi et al., 2004) .
Vitamins
The antioxidant function of vitamins in counteracting oxidative stress was discovered in 1992 (Sies et al., 1992) . In particular, vitamin E efficacy to prevent PD progression was demonstrated by several groups (Zhang et al., 2002) . By contrast, the role of vitamin C is still controversial (Zhang et al., 2002; Etminan et al., 2005) (Figure 3G , H).
TUDCA
Tauroursodeoxycholic acid (TUDCA) is a derivate from tauroine conjugated to the endogenous bile acid ursodeoxycholic acid (UDCA) ( Figure 3I ). It was observed that TUDCA improves mitochondrial functions in PD patient-derived fibroblasts (Mortiboys et al., 2015) and has a neuroprotective role in the nematode-PD model (Ved et al., 2005) . Moreover TUDCA acts as an antioxidant in several neurodegenerative diseases, including ALS, AD, and HD (Keene et al., 2002; Nunes et al., 2012; Elia et al., 2016) . Recently, Rosa and co-workers demonstrated that TUDCA has a neuroprotective effect by stimulating mitophagy in in vitro and in vivo models of PD (see the "Pharmacological inducers of mitophagy" section below) (Zheng et al., 2017) .
CoQ 10
In vitro and in vivo studies demonstrated the beneficial role of coenzyme Q10 (CoQ 10 ) in PD (Beal et al., 1998; Horvath et al., 2003; Moon et al., 2005) . At high doses (1200 mg daily), CoQ 10 shows beneficial results in PD rating (Shults et al., 2002) and is currently in the clinical trial phase III ( Figure 3J ).
Creatine
Creatine is a nitrogenous derivative of the guanidinium cation necessary for supplying energy in vertebrate muscle and nerve cells ( Figure 3K ). In addition, its antioxidant function was well established in PD mice models (Matthews et al., 1999) . Clinical studies demonstrate that creatine has a neuroprotective role in PD patients. At present, creatine is still in the phase III clinical trial, in a long-term study on 1720 patients with PD (Bloom, 2007; Couzin, 2007) .
Melatonin
Melatonin is a pineal hormone with an antioxidant function that was demonstrated in different animal models of PD (Saravanan et al., 2007; Borah and Mohanakumar, 2009) . Melatonin was shown to block the pro-oxidant effect of both dopamine and l-dopa in an in vitro study (Miller et al., 1996) . Moreover, it preserves the activity of tyrosine hydroxylase (TH) in MPP+ -treated rats (Jin et al., 1998) . Additionally, melatonin is used to reduce REM sleep behavior disorder (RBD), which is a typical feature of parkinsonism and other forms of dementia (Aurora et al., 2010 ) ( Figure 3L ).
Caffeine
As caffeine is in coffee and other beverages, it is the most widely consumed psychoactive drug. Different groups found that caffeine has a neuroprotective effect, attenuating the reduction in striatal dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) and DAT-binding sites (Chen et al., 2001; Joghataie et al., 2004) . More recently, Negida and colleagues revealed that caffeine reduces oxidative stress in PD through its antioxidant function, at the mitochondria. In addition, they found that caffeine binds α-synuclein proteins preventing their aggregation in Lewy's bodies and enhances the number of dopamine receptors (Negida et al., 2017 ) ( Figure 3M ).
Curcumin
Curcumin is a plant diarylheptanoid with a bright yellow color. It is widely used in cooking for its anti-inflammatory and antioxidant properties. Curcumin was shown to alleviate motor deficits and neuronal damage in 6-OHDA (6-hydroxydopamine)-treated rats. In fact, it inhibits the conversion of MPTP to MPP+ toxic metabolite (Rajeswari and Sabesan, 2008 ) ( Figure 3N ).
Epigallocatechin gallate
Epigallocatechin gallate (EGCG) is a plant catechin typical of the green tea. EGCG has a neuroprotective effect in the MPTP (1-metil 4-fenil 1,2,3,6-tetraidro-piridina) in vivo model of PD. In particular, EGCG controls ferroportin, which is the iron-export protein in the substantia nigra, and alleviates oxidative stress, thus, conferring a rescue effect against MPTP toxicity ) ( Figure 3O ).
Resveratrol
Resveratrol, which is a polyphenol of red grapes, was shown to reduce mitochondria dysfunction of 6-OHDA dopaminergic neurons of rat (Jin et al., 2008) . Moreover, a diet rich in resveratrol combats MPTP neurotoxicity (Blanchet et al., 2008) . This polyphenol stimulates SIRTUIN-1 activity, thus, controlling various transcription factors and co-activators, including PGC1-α that regulates mitochondria biogenesis (Peng et al., 2016) (Figure 3P ).
Iron chelators
As iron accumulation was found in the nervous system of patients, different iron chelators were used in preclinical studies of PD (Weinreb et al., 2013) . Among them, desferrioxamine (DFO) preserves striatal dopamine degeneration induced by 6-OHDA treatment, thus, partially restoring the normal behavior (Ben- Shachar et al., 1992) . Despite its functional role, DFO is a large molecule, and its size limits the blood brain barrier crossing (Zheng et al., 2005) . Novel iron chelators were tested in the in vitro model of PD (Shachar et al., 2004) .
Besides these general antioxidants, the combination of R-α-lipoic acid and acetyl-l-carnitine has also beneficial effects in the in vitro model of PD, stimulating mitochondria biogenesis and reducing oxidative stress .
Mitophagy
Antioxidant administration in combination with new approaches focused on the reduction of ROS could be more effective in halting neurodegeneration in PD.
Mitochondria are the main source of ROS production during oxidative phosphorylation for ATP production (Lenaz, 2001) . Functional mitochondria maintenance is fundamental for cellular behavior, in particular, for neuronal cells. Despite its low mass, the brain consumes 20% of the body's oxygen for the production of ATP (Attwell and Laughlin, 2011) . The majority of ATP production comes from the mitochondrial respiration chain, although glycolysis contributes to ATP generation (Rangaraju et al., 2014) . Correct mitochondria functioning is, thus, crucial in order to regulate, in each region of the neuron, the balance between energy supply and energy demand. Therefore, some mitochondria remain in the soma, while others are carried along axons and dendrites in order to form energy sites in the presynaptic terminals and in proximity of the nodes of Ranvier (Berthold et al., 1993; Shepherd and Harris, 1998) .
A selective elimination of damaged mitochondria through mitophagy and the maintenance of healthy mitochondria are, thus, both mandatory for cellular viability (Palikaras and Tavernarakis, 2014) . Mitophagy is the most characterized selective autophagy pathway, and it is regulated by the outer mitochondrial membrane (OMM), IMM, or cytosolic proteins named mitophagy receptors (Hamacher-Brady and Brady, 2016) .
Mitophagy receptors
Upon mitophagy induction, mitophagy receptors are recruited to damaged mitochondria. The engulfment of undesired mitochondria into the autophagy machinery needs a direct interaction between mitophagy receptors (see Table 1 ) and the autophagosome markers microtubule-associated proteins 1 light chain 3 (LC3s) or GABA type A receptor-associated proteins (GABARAPs). The binding is mediated by a particular sequence on mitophagy receptors, known as the LC3-interacting region (LIR) motif. Moreover, two crucial posttranslational modifications occur during mitophagy: phosphorylation and ubiquitylation. The former can be a positive or negative change that allows or inhibits the mitophagy receptor-autophagosome marker binding (Hamacher-Brady and Brady, 2016) . The latter, takes place on the OMM proteins and is a signal for cytosolic mitophagy receptor recruitment and, therefore, for mitochondria elimination (Yamano et al., 2016) . This pathway is able to selectively eliminate damaged mitochondria in order to maintain cellular homeostasis and to preserve mitochondria vitality.
Cardiolipin
Cardiolipin or 1,3-bis(sn-3′-phosphatidyl)-sn-glycerol is a lipid of the IMM that functions as a sensor of mitochondrial stress. In detail, upon mitophagy induction, cardiolipin is externalized on the mitochondria where it interacts with the autophagosome marker LC3-II in order to mediate the engulfment into the autophagosome machinery (Chu et al., 2013) .
Mitophagy receptors as therapeutic targets for PD
Neurodegenerative diseases, including PD, AD, and HD, are characterized by the accumulation of damaged mitochondria that produces critical effects on neuron functionality (Johri and Beal, 2012) . Recent evidence shows that the selective mitochondria autophagy contributes to improving mitochondrial status and cellular homeostasis of neurons. In particular, two mitophagy receptors, Nix and AMBRA1, show a central role in delaying cell death in PD models through an antioxidant action. In particular, Koentjoro and colleagues demonstrated that when the main mitophagy process (PINK1/PARK2-mediated mitophagy) is abrogated in PD dopaminergic neurons, Nix is able to stimulate a damaged mitochondria selective removal that preserves dopaminergic neurons. Moreover, phorbol 12-myristate 13-acetate (PMA) was reported to induce Nix expression, leading to a reduction in ROS production in PD dopaminergic neurons (Koentjoro et al., 2017) .
In a similar manner, AMBRA1-mediated mitophagy is able to rescue mitophagy in fibroblasts of PD patients in which PINK1 or PARK2 are mutated (Strappazzon et al., 2015) . In addition, a particular form of AMBRA1, localized at the OMM (AMBRA1 ActA ) is able to stimulate mitophagy in an in vitro model of PD and reduces cell death induced by rotenone or 6-OHDA treatments, by limiting selectively the source of oxidative stress (Di Rita et al., 2018) . In line with PINK1/PARK2-dependent pathway PINK1 is a mitochondria kinase that functions as a sensor of mitochondria status. Upon mitochondria stress, PINK1 translocates to the OMM, thus, mediating a phospho-ubiquitylation signal on s65 of both ubiquitin and PARK2. In particular, the cytosolic E3 ligase PARK2 is recruited to the mitochondria in order to amplify the ubiquitilation, thus, leading to the recruitment of cytosolic mitophagy receptors OPTN, NDP52, P62, NBR1, and TAX1BP1 (Lazarou et al., 2015) . Lazarou and colleagues observed that OPTN and NDP52 are the primary receptors, and the others are dispensable for mitophagy. In addition, the IMM PHB2 regulates mitophagy during paternal mtDNA degradation cooperating with PARK2 (Wei et al., 2017) . FUNDC1: is an OMM protein whose role in mitophagy was clarified since 2012 (Wu et al., 2014) . It possesses an LIR motif that is regulated posttranslationally by phosphorylation. Wu and colleagues demonstrated that FUNDC1 mediates mitophagy upon drug induction and also following physiological stimuli (e.g., hypoxia), and its action depends on phosphorylation of Ser/Tyr sites near the LIR motif. PINK1/PARK2-independent pathway BNIP3L: this OMM protein is the mammalian homolog of NIX, and it regulates mitophagy upon reticulocyte differentiation and after hypoxic stress (Novak et al., 2010) . In analogy with FUNDC1, also the BNIP3L activity in mitophagy is regulated by phosphorylation. BCL2-L13: the mammalian homolog of Atg32 interacts with LC3B and regulates mitochondria-selective removal (Murakawa et al., 2015) . FKBP8/FKBP38: is a member of the FK 506-binding protein family, and it interacts preferentially with LC3A in order to induce mitophagy. Interestingly, although FKBP8 is an OMM adaptor protein and promotes mitophagy, it is able to escape from the acidified mitochondria preserving itself (Bhujalab et al., 2017) . PINK1/PARK2-dependent/independent pathway AMBRA1: is a cytosolic protein localized also on the OMM (Strappazzon et al., 2011) that interacts with the autophagosome marker LC3B during the mitophagic process (Strappazzon et al., 2015) . It is able to mediate mitophagy interacting with PARK2 and amplifying the PINK1dependent digestion pathway (Van Humbeeck et al., 2011; Strappazzon 2015) or promoting mitophagy by itself, independently of PINK1/ PARK2 pathway, once expressed at the mitochondria (Strappazzon et al., 2015; Di Rita et al., 2018) . such evidence, both Nix and AMBRA1 could be considered as attractive therapeutic targets in drug development and human application.
Moreover, Chu and colleagues demonstrated that cardiolipin drives mitophagy in response to low doses of rotenone or 6-OHDA through a direct interaction with LC3. Despite the fact that, at present, cardiolipin has no antioxidant functions, in line with AMBRA1 and NIX, it possesses phosphorylation sites in the offset of its LIR motif that could control mitophagy in a fine-tuned system. These analogies could suggest that these three mitophagy regulators could control mitochondria degradation through the autophagy machinery in PD and that their synergic action could be useful in reducing PD progression by limiting the accumulation of damaged mitochondria in neurons.
To date, scientists are able to induce mitophagy in vitro and in vivo, mainly using pharmacological compounds, i.e. antimycin A, or oligomycin or carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and simulating hypoxic/ischemic conditions. However, in the near future, the generation of a drug that could specifically stimulate both AMBRA1-and NIX-mediated mitophagy presents an attractive challenge for counteracting PD by strongly reducing oxidative stress and preserving mitochondria health in dopaminergic neurons.
Inducers of mitophagy
As maintaining mitophagy is crucial in age-related diseases, several inducers of mitophagy were developed and can be classified in pharmacological or natural compounds.
Pharmacological inducers of mitophagy NRF2 induction through PMI
NRF2 (nuclear factor erythroid 2-related factor 2) is a transcription factor that controls the expression of several genes, such as PINK1, nuclear dot protein 52 (NDP52) and sequestosome 1 (P62) by linking the antioxidant response element (ARE) in their promoter regions. It is, thus, considered the master regulator of the cellular redox homeostasis. NRF2 activity is able to defend cells against mitochondrial toxins; indeed, its function is suppressed in mitochondrial disorders such as PD (Georgakopoulos et al., 2017) . PMI/HB229 is an inducer of NRF2 and stimulates P62 production by reversibly inhibiting the activity of Kelch-like ECH-associated protein 1 (KEAP1), which is important for NRF2 degradation by the proteasome.
Mechanistically, PMI interferes protein-protein interaction (PPI) between NRF2 and KEAP1, blocking the NRF2 ubiquitylation and favoring its nuclear accumulation. Consequently, NRF2 activates gene production; among the genes activated, P62 becomes upregulated, and mitophagy is activated. Of note, this effect of NRF2 is independent of the PINK1/PARK2 pathway.
Interestingly, the mitophagic activity of PMI is related to the redox status of mitochondria as selective scavenging of mitochondrial superoxides (i.e. NAC, Mito-TEMPOL) inhibits the PMI-induced mitophagy. In this context, the inhibition of mitophagy by Mito-TEMPOL is intriguing, suggesting that ROS is necessary for inducing PMIdependent mitophagy.
As PMI has an antioxidant action and induces mitophagy independent of PINK1/PARK2, its action has considerable potential in the case of PD patients, and as such, merits further study.
MitoQ
Mitoquinone was originally used to suppress ROS production and lipid peroxidation as explained above in the "Antioxidants: preclinical and clinical studies in PD" section. Interestingly, MitoQ was shown to reduce oxidative stress through mitophagy induction in an in vivo model of diabetic kidney disease (DKD). In fact, Xiao and collaborators demonstrated that MitoQ activates mitochondria-selective removal controlling the NRF2 expression, activity, and translocation, which, in turn, cooperates with PINK1 mitophagy induction (Xiao et al., 2017) . Moreover, MitoQ was shown to support mitophagy by increasing mitochondrial membrane depolarization (ΔΨm) in aggressive cancer cells (Biel and Rao, 2018) .
Phorbol 12-myristate 13-acetate (PMA)
Phorbol 12-myristate 13-acetate (PMA) was shown to favor Nix transcriptional activation in vitro through the stimulation of protein kinase C α (PRKCA) activity and by promoting the binding of the transcription factor SP1 to GC-rich elements in the Nix promoter in cultured neonatal rat cardiac myocytes (Galvez et al., 2006) . More recently, PMA was found to stimulate mitophagy in PD models by increasing Nix expression (Koentjoro et al., 2017) . This pharmacological induction of Nix promotes CCCP-induced mitophagy in the PARK2-and PINK1-related PD patient cell lines. Drugs targeting Nix are, thus, expected to provide neuroprotective action in PD patients.
TUDCA
TUDCA strongly prevents CCCP-induced cell death, ROS generation, and mitochondrial damage in neuroblastoma cell line. The neuroprotective role of TUDCA in this cell model is mediated by PARK2-dependent mitophagy. The demonstration that pharmacological upregulation of mitophagy by TUDCA prevents neurodegeneration provides new insights into the use of TUDCA in order to favor mitochondrial quality control in PD context.
Natural compound inducers of mitophagy Melanoidin
Melanoidin derives from aged vinegar or pomegranate extract (PE) and is a well-known antioxidant (Delgado-Andrade et al., 2005) . Yang and colleagues found that melanoidins from Shanxi aged vinegar-induced mitophagy (Yang et al., 2014) . In particular, they reported that melanoidins reduce ROS in normal human liver cells and mouse livers through a mitophagy-dependent pathway. These results support the fact that melanoidins are able to reduce ROS levels through mitophagy activation, by degrading damaged mitochondria, the source of oxidative stress. In addition, to be direct free radical scavengers, melanoidins are, thus, mitophagy inducers in the context of injuryinduced hepatocytes and cardiomyocites (Yang et al., 2016 ).
Melanoidins appears, thus, as new therapeutic target to be tested in the context of PD.
Of note, during the roasting process of coffee, melanoidins are formed (Moreira et al., 2012) . As coffee could be one of the main sources of melanoidins in the human diet, their health implications are of great interest. Interestingly, epidemiologic links exist between caffeine and lower PD risk (Ross et al., 2000; Hernán et al., 2002) . However, the potential of coffee diet on health of PD patients were tested, but caffeine did not show improvement of PD symptomatic effects (Postuma et al., 2017) . It should be interesting to test the effect of melanoidins directly on PD patients instead of caffeine.
Urolithin A
Urolithin A is a microflora human metabolite originating from the digestion by intestinal bacteria. Its precursor is the ellagic acid (ellagitannin family). When this acid is consumed by diet, the bacterial microflora is able to transform it into urolithin A. Some foods are rich in ellagic acid (e.g., blackberries, cranberries, grapes, pecans raspberries, etc.); however, among these foods, it appears that pomegranates have the highest potential for producing the urolithin A.
This metabolite was shown to prevent accumulation of damaged mitochondria and improve lifespan in nematode and exercise capacity in mice (Ryu et al., 2016) .
Again, it is expected that urolithin A may favor health of PD patients by causing mitophagy and reducing oxidative stress.
Spermidine
Spermidine is a small organic molecule of the polyamine family and controls several physiological processes such as cell growth, proliferation, and survival (Gevrekci, 2017) . Interestingly, sperimidine levels decline with age in some tissues such as the heart and kidneys (Nishimura et al., 2006) . A diet enriched with spermidine was found to improve lifespans of yeast, nematodes flies, and mice (Eisenberg et al., 2009) . Moreover, spermidine activates mitophagy in aged cardiomyocytes, thus, repairing mitochondrial activity (Eisenberg et al., 2016) . Qi and colleagues demonstrated that spermidine-induced mitophagy is dependent on ATM (ataxia-telangiectasia-mutated kinase) (Qi et al., 2016) . Administration of spermidine delays PD-related degenerative processes in the fruit fly Drosophila melanogaster and in the nematode Caenorhabditis elegans, two established model systems for PD pathology (Büttner et al., 2014) . Spermidine-dietary supplementation, thus, has the potential for improving the health of PD patients.
Resveratrol and other GSE components
Different studies demonstrated that resveratrol alleviates symptoms and is beneficial against cancers, heart disorders, and Alzheimer's disease. Recently, Wu and colleagues reported that daily assumption of GSE (grape skin extracts) alleviates mitochondrial dysfunctions in a D. melanogaster model of PD. In particular, besides resveratrol, GSE contains quercetin, myricetin, catechins, tannins, anthocyanidins, and ferulic acid. This work reported that there is a link between mitophagy stimulation and resveratrol beneficial effects necessary for improving lifespan (Wu et al., 2018) .
Conclusion/perspectives
PMA, MitoQ, TUDCA, PMI, or GSE administration in mice models of PD, and eventually in PD patients, could, thus, offer an effect method of combating PD stimulating both antioxidant responses and mitophagy.
Another exciting issue is the proposal to increase the mitophagy process in PD patients through melanoidin, urolithin A, or spermidine consumption. Thus, there is a need to generate and test specialized diet to fit the PD context (see the proposed model in Figure 4 ).
Figure 4:
Antioxidants and/or mitophagy inducer administration in order to counteract PD. The use of pharmacological compounds able to activate both mitophagy and antioxidant responses could be a promising strategy in PD mice models in order to delay neurodegeneration. In addition, it could be worth testing a diet enriched in natural mitophagy inducers and/or antioxidants, such as pomegranate or cheese, as a method of limiting oxidative stress and, thus, neurodegeneration in PD patients.
Flavie Strappazzon
IRCCS Fondazione Santa Lucia, I-00143 Rome, Italy; and Department of Biology, University of Rome Tor Vergata, I-00133 Rome, Italy, f.strappazzon@hsantalucia.it Flavie Strappazzon is a junior head of a laboratory at the IRCCS Fondazione Santa Lucia in Rome (Italy) and an external teacher at the University of Rome "Tor Vergata". She graduated with a degree in Cellular Biology in 2007 at the University of Grenoble (France). During this period, she acquired a solid knowledge in Neurosciences. Next, she moved to Italy to perform two postdoctoral trainings in the field of Autophagy. In 2018, she started her research group working on selective autophagy and, in particular, on mitophagy in the context of multiple sclerosis and Huntington's disease (IRCCS Santa Lucia, Rome).
